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Abstract 
To optimize training relating to the coordinative skills of athletes, a special cycle ergometer ARES with decoupled 
cranks was developed. The system is equipped with a measurement system to measure radial and tangential forces on 
the pedals, additionally to the acquisition of angle velocities of the two crank wheels. Due to the decoupled cranks, 
every leg performs its own revolution, and has to be active even at the pulling phase, without direct support of the 
opposite legs downstroke. To explore the unique possibilities of ARES, 4 subjects were tested on the ergometer in a 
first trial. After a short acclimatization phase to get familiar with the characteristics of the bike, the following tests 
were performed: (1) normal biking at different numbers of revolution with the challenge to keep a 180° phase angle, 
and (2) special coordination tasks: a) biking with 0° phase angle, b) Stop-and-go procedures with re-synchronization 
of the movement, c) counter-movement with both legs moving into opposite direction, and d) a lower half circle 
swing. During the exercises, forces on the pedals, the crank positions and current cadence were acquired. Out of this 
data, torque, power, angle velocities and an efficiency parameter were determined for the left and right leg. Variations 
in cadence, forces and torque as a function of pedal angle are clearly visible. A dependency on number of revolutions 
seems to be evident, caused by the higher coordinative challenge at high velocities. 
© 2011 Published by Elsevier Ltd. 
Selection and peer-review under responsibility of RMIT University 
Keywords: Ergometer; rehabilitation; coordinative training; decoupled cranks; motor; control system 
1. Introduction
In cardio-, neuro- and orthopedic rehabilitation as well as training, cycle ergometers are widely used
and well known devices. However, these devices always refer to the combined performance of both legs 
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since the cranks are directly coupled through a common axis shaft. To investigate properties and the 
performance of one single leg independently, every leg has to be observed exclusively, e.g. by instructing 
the subject to actuate only on one pedal. This method shows disadvantages as only one leg at one time can 
be observed, and in most cases, the sitting position is altered due to the second pedal which is rotating 
freely and disturbs the unused leg of the subject [1]. 
The Austrian Institute of Technology (AIT) has developed a special cycle ergometer “ARES” for 
rehabilitation and coordinative training. In contrary to a conventional ergometer, ARES provides 
decoupled cranks, mounted on two separate turning wheels. Every leg performs its own independent 
revolution. This mode allows training and diagnosis on a high coordinative level. Additionally, the 
antagonists to the quadriceps chain are involved stronger (and therefore trained more intensively) into the 
movement due to the lack of a mechanical link between the two cranks. As a result of the decoupled 
cranks, subjects are forced to perform their revolutions leg-wise without support of the opposite leg. This 
gives an immediate feedback on the person’s coordinative cycling skills as well as the performance 
differences between the left and right leg and allows optimization in this area for elite racers. 
2. Technical Overview 
The whole construction is based on a steel pipe framework, shrouded in sheet metal housing. The 
dimensions of ARES (length: 1210 mm / 47.64", height 700 mm / 27.56") are similar to conventional 
ergometers to allow a fast adaption of experienced ergometer cyclists to the new system. Saddle and 
handle bar are fully adaptable to the subject’s anthropometric conditions. 
A standard 9/16" x 20 tab for use with standard pedals of any manufacturer allows elite racers to 
change and use their own pedals. The used pedals should provide a fixation mechanism (clip-in pedals, 
e.g.) to guarantee a permanent connection. In particular, this is necessary regarding the pull phase which 
is no longer supported by the opposite leg. Fig. 1(a) shows an isometric view of the current system. The 
pedals are mounted on adapter sleeves which are fixed permanently onto the particular pedal wheel. The 
sleeves contain the force sensing units to obtain forces and torque. The actual angle position of each pedal 
is acquired with an angle resolution of 10°, which is adequate for the presented test trials. 
2.1. Mechanics 
Since the cranks are decoupled, all moving components are dually implemented separately for each 
leg. Each side includes a crank wheel, a gear belt and a motor brake/drive unit (Mitsubishi HF-SP52 in 
combination with Mitsubishi MR-J3-A servo amplifier, nominal power: 500 W @ 2000 rpm, nominal 
torque: 2.39 Nm). The transmission with a gear ratio of 1:23.8 actually allows a maximum rotation speed 
of 140 rpm. A maximum brake power of 420 W per leg, depending on rotation speed, can be applied by 
the system. 
All active and space consuming components, e.g. power supply unit and motor controllers, are 
mounted on the front side of the frame to be easily accessible and to not unnecessarily widen the pedaling 
construction. The actual construction of the ARES wheel bearing proposes a reduction in pedal distance 
to 16 centimeters, which is a common accepted distance in racing bikes. 
2.2. Electronics 
Strain gauge sensors (FAE2-A624N-35-S13E, Vishay, USA) in full bridge on the pedal adapters 
gather tangential and radial forces. Number of revolutions and angular velocity are captured through 2 x 3 
reflective sensors (HOA1405-002, Honeywell, USA) on the pedal wheels. All preprocessing is done 
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amateur bike racer with 5 years experience in local competitions. Subject B is a martial artist, whereas 
subject C is a trumpet musician with moderate biking experience in his leisure time. Subjects B and D 
perform no regular cycling or training on ergometers. 
3.2. Methods 
During the ARES tests, the pedal frequency and force data as well as the heart rate of the cyclist were 
obtained. First, a convenient position on the bike was taken in by the subject, the corresponding saddle 
and handle positions were adopted onto the situation and documented as well. To ensure a good contact 
between foot sole and pedal to achieve an optimized movement transfer, which is mandatory especially 
during the upward movement phase, clipless pedals were used. 
During the first acclimatization phase, the proband should limber up and get familiar with the device. 
The second test was a cycling coordination test. The proband had to keep an angle difference of 180° at 4 
different rotation speeds. The last test block contained 4 special coordination tests. The test protocol is 
summarized in Table 1. For all tests, the load resulted from natural inertia out of the mechanical system. 
No additional load was charged, but also no artificial friction-free compensation was activated. 
Table 1. The test protocol. 
Item Duration Description Scope 
Acclimatization phase 8 min  Arbitrary cadence, approx. 70-80 rpm Warm-up; to get familiar with ARES 
Cycling coordination test 
1 min at each 
cadence; 1 min 
rest in between 
Aim is to keep a 180° phase between 
pedals at different cadences (30, 50, 
70, 90 rpm) 
Coordination behavior at normal 
cycling with decoupled cranks 
Special coordination tests 
1 min each 
exercise; 1 min 
rest in between 
• 0° phase between pedals 
(“rabbit walk”) 
• “Stop-and-Go”: stop every 
10 seconds and restart 
after a 5 seconds rest 
• Counter-movement 
cycling (left forward and 
right backward, then right 
forward and left backward) 
• Lower half cycle swing 
(counter-movement from 
90° to 270°) 
• Synchronous movement 
 
• Re-coordination speed 
(“rise time”) to get into 
steady state 
• Determination and 
consistency of meeting 
points 
 
• Determination and 
consistency of inflecting 
points 
3.3. Data analysis and computation 
All necessary data (left/right angle, angle speed, power, tangential force, radial force, as well as angle 
difference and heart rate) was acquired and saved automatically in CSV files by the ARES system. For 
angle differences, the right foot was assumed to be the leading foot, and values are calculated in relation 
to the right pedal position. 
Post-processing was done with special software (developed in MATLAB, MathWorks, USA) which 
allows generating full automated reports in PDF format. Beneath cadence and tangential/radial force 
plots, angulograms (i.e. polar plots over the full 360° cycle of the pedal, with 0° as the top dead centre, 
90° as the front dead end and 180° as the bottom ) of torque, power and efficiency were created. 
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Torque M for the left and right leg is calculated out as the product of tangential force and crank length. 
Since the crank length didn’t change during the trials, Ft and M are proportional. Power is dependent from 
the forward driving force / torque and the rotational velocity: 
ଵܲǡଶ ൌ ܨ௧ଵǡଶ כ ݒଵǡଶ ൌ ܯଵǡଶ כ ߱ଵǡଶ  (1) 
with the rotational velocity v in ms-1 or the angular velocity Ȧ in rad s-1. The calculation of P cannot be 
obtained from crank angle alone because Ȧ is not constant within a revolution before reaching peak 
velocity [8].  
To analyze the performance of the cyclist, an efficiency factor Ș has been defined and calculated 
according to: 
ߟଵǡଶ ൌ ܨ௧ଵǡଶ ܨଵǡଶΤ   (2) 
Where F is calculated as 
ܨଵǡଶ ൌ ටܨ௧ଵǡଶଶ ൅ หܨ௥ଵǡଶห
ଶ
  (3) 
Ft and Fr are the tangential and radial forces on the pedals in N, respectively. The absolute value of Fr 
has been selected to also take negative values of Fr into account as “losses”. 
All data sets were averaged over all cycles and freed from outliers. Time plots and angulograms were 
generated for visualization. 
4. Results 
The cadence variation amplitudes over one cycle, averaged over the 4 subjects was for left legs 18.0 ± 
4.2 rpm @ 30 rpm up to 21.5 ± 4.4 rpm @ 90 rpm and for right legs 15.0 ± 2.6 rpm @ 30 rpm up to 25.3 
± 4.9 rpm @ 90 rpm.  
Subject A showed a very high efficiency grade of almost > 80% over the whole circle especially at low 
cadences. Other subjects showed even negative efficiency factors, mainly in the pulling phases (Figure 2: 
top (a) – (d)). Absolute values of angle differences vary from 40°max (rookie, subject D) down to 15°max 
(experienced cyclist, subject A, see Figure 2: bottom (a) – (b)). 
 The analysis of the 0° phase angle exercise showed similar variations. A large interpersonal variation 
for reproducibility of meeting points in counter-movement exercises could be found. Furthermore, 
inflection points at the lower swing exercise differed up to 30° from the targeted angle (Figure 2: bottom 
(d)). 
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